In this chapter, I describe the high-energy emissions from the Sun, as well as other low-mass stars. I refer to the following photon wavebands: X-ray (0.517-12.4 nm), Extreme UltraViolet EUV (12.4-91.2 nm), Far UltraViolet FUV (90-200 nm). XUV is used to refer to the combined X-ray and EUV wavelength ranges. I begin in Sect. 2.1 by detailing the various solar and stellar observatories of which I make use. In Sect. 2.2, a description of how solar XUV emission evolves over cycle, rotational and flaring timescales. Finally, in Sect. 2.3, I turn to other low-mass stars and study the evolution of their high-energy emissions, using a coronal model. A paper, Chadney et al. (2015) , has been published based on the results of Sects. 2.2.5 and 2.3.
Instrumentation for Solar and Stellar XUV Observations
Observations in the high-energy, ionising wavebands that are the X-ray and UltraViolet (UV) must be taken from space-based observatories. The Earth's atmosphere is indeed opaque to these wavelengths. There have been a number of different spacecraft equipped to observe in the XUV-a selection relevant to solar and stellar observations is presented in Table 2 .1. In this section, I review the main characteristics of some of these instruments and compare results from overlapping observations.
TIMED/SEE
The SEE instrument on the TIMED spacecraft began observing the solar XUV flux on 22 January 2002 and has been making observations ever since. The instrument is composed of two detectors (Woods 2005 ):
• 0.1-35 nm range: XUV Photometer System (XPS), composed of broadband diodes, each spanning a 5-10 nm spectral window.
• 27-190 nm range: EUV Grating Spectrograph (EGS), with 0.4 nm spectral resolution.
The TIMED/SEE instrument records one 3 min long observation during each orbit around the Earth. Results from the 14 to 15 daily measurements are combined into a daily-averaged spectrum, with 1 nm bins, which makes up the level 3 data product. Flares are removed from this data product, but are available in the level 3a data, which comprise the individual 3 min observations. Although, since the satellite only has a 3% duty cycle (i.e., it is only observing the Sun for 3% of the time), the number of flare events captured is not very large. Data reduction by the instrument team also includes stitching together the measurements made by the two detectors at a wavelength of 27 nm.
In the XPS wavelength range, the spectral resolution is increased using the CHI-ANTI model (Dere et al. 1997; Landi et al. 2012) . Broad-band observations are made using 12 photodiodes spanning from 0.1 to 35 nm, each with a bandpass of 5-10 nm. These measurements are then used to scale the CHIANTI reference spectra, which include low-activity, high-activity and flaring cases. The result is a high-resolution scaled synthetic spectrum spanning 0.1-40 nm with bin widths of 0.1 nm. Because intensities of individual lines are based on a model, irradiances in this wavelength range are only considered accurate over the 5-10 nm broad-bands.
There are gaps in data acquisition as well as a number of defects and other known data problems that need to be taken into account when using the provided spectra. Defects over the 0.1-190 nm combined spectrum (built up from both the XPS and EGS detectors) are detailed in Fig. 2 .1 and gaps in data completeness are shown in References: a Woods (2005) . b Weisskopf et al. (2002) ; Chandra X-ray Center et al. (2013) . c Ehle et al. (2003) . d den Herder et al. (2001) . e Bowyer and Malina (1991) . f Sahnow et al. (2000) ; Moos et al. (2000) . g Kondo et al. (1989) (date format is YYYY/DOY) and that subsequently, this detector has not been making measurements in the 10-27 nm range. Between 2002/205 and 2003/069 , this gap was filled using SEE/XPS measurements in the 0.1-7 nm range as a proxy based on observations taken before the anomaly occurred (Woods 2005) . From 2003/070 onwards, with the launch of an identical XPS instrument on the SORCE satellite, the CHIANTI model used in producing the TIMED/SEE spectra has been scaled with observations from SORCE/XPS. Additionally, the wavelengths around Lyman alpha (114-120 and 123-129 nm) are blocked out by a filter allowing the detector to measure the very strong H I emission line.
SORCE/XPS
The XPS detector (Woods et al. 2008 ) on-board the SORCE satellite is identical to that on-board TIMED/SEE. It was launched in March 2003 and has been making observations ever since. In the same way as for the TIMED/SEE instrument, the roughly 7 nm resolution is increased to 0.1 nm using scaled reference spectra, produced with the CHIANTI model. The other instruments onboard the SORCE satellite observe the Sun in wavelengths greater than 115 nm and so are not of use in this work.
SDO/EVE
The EVE instrument onboard the Solar Dynamics Observatory started taking solar EUV measurements in May 2010 and is composed of three detectors ):
• MEGS-A: itself composed of two parts measuring respectively from 6-17 and 16-38 nm at a resolution of ∼0.1 nm • MEGS-B: observing over the 35-105 nm range at a resolution of ∼0.1 nm • MEGS-P: broadband (10 nm observing window) diode to measure the Lyman alpha line.
The instruments measure a full-disk spectrum every 10 s, however only detector MEGS-A observes a complete duty cycle. MEGS-B and MEGS-P only observe for 3 h per day, in addition to 5 min every hour-this is to minimise instrumental degradation. There have been two data gaps in the spacecraft's lifetime due to detector bakeouts:
• The detectors change rapidly during several days following each bakeout. Additionally, for one or two days a month, if there is an active Sun, MEGS-B and -P take measurements continuously (with a 10 s cadence). During one such campaign, from 14th to 16th February 2011, an X-2.2 class flare was observed. Another X-class flare was observed during a similar campaign on 7th March 2012. These two flaring events are described in Sect. 2.2.4.
Evolution of Solar Irradiance Over Different Timescales
I shall now study in more detail the evolution of the solar XUV irradiance over different timescales-specifically cycle (∼11 years), rotational (∼27 days), and flaring timescales. There are continuous measurements using the TIMED and SDO spacecraft over periods long enough to capture variability on all of these timescales. I use regressions to understand how different portions of the high-energy solar spectrum are related.
Correlations between solar EUV wavelengths have previously been calculated in order to determine proxies for this wavelength region, so that data gaps can be filled. Rawer and Tai (2006) used cross-correlations between different EUV lines to determine that monitoring two emission lines-one coronal and one chromosphericwould be sufficient to capture variations in the solar EUV flux. Cessateur et al. (2011 Cessateur et al. ( , 2012 showed that five spectral bands are sufficient to reconstruct the entire UV spectrum with an accuracy that is similar to current spectrometers. Variability on cycle and rotational timescales is captured. This gives better results than using solar indices, such as F10.7 (radio emission at a wavelength of 10.7 cm) or the Mg II line intensity.
Methods
Given a certain time period of interest, we have M spectra, each composed of N wavelength bins. The question we pose is: How do these N wavelength bins vary with respect to one another, over the M spectra of interest? To answer this, we build up a cross-correlation plot, which is an array of cross-correlation coefficients; each cell of the array indicating the correlation between two given wavelength bins.
Regression Lines
For example, take two wavelengths λ i and λ j . We have flux values for both of these wavelength bins for each of the M observations: 
whereŷ(t m ) is the regression line's predicted value for y(t m ) (effectively the projection in the y dimension onto the regression line-see Fig. 2.2 ). This gives the following expression for the regression slope:
wherex is the average value of x andȳ is the average value of y over all of the M observations.
Correlation Coefficients
To obtain an idea of how well correlated our two variables are, we need to quantify the spread of data points. This is determined by calculating the sum of squares around the mean, which is expressed as follows for the y variable:
Comparing SSE to ss yy gives the proportion of 'error', relative to the total spread. In this context, 'error' is departure from a perfect fit between x and y (i.e., the fluxes in these two wavelength bins varying in an identical manner). Thus SSE/ss yy quantifies how 'bad' the fit is: SSE = 0 signifies a perfect fit and SSE = ss yy means no correlation. Therefore we can define a correlation factor as:
is the proportion of the total ss yy accounted for by the regression; it is equal to 1 if y varies identically to x and equal to 0 if y and x are completely independent.
In the remainder of this chapter, I use a slightly different definition for the correlation coefficient, which differentiates between positive and negative (or anti-) correlation, depending on the sign of the correlation slope; this coefficient is defined as:
Cross-Correlation Plots
I construct cross-correlation plots (e.g., bottom plot of Fig. 2 .4), which are 2D arrays made up of correlation coefficients r between the fluxes of each pair of wavelength bins. These arrays show spectral regions which vary together. It is expected that wavelength bins vary in blocks, as regions of the spectrum composed of emission from the same layer of solar atmosphere behave in a similar manner, although strong emission lines may have different formation heights compared to the surrounding areas.
Solar Cycle Variability
To capture variability on the solar 11-year cycle timescale, I construct crosscorrelation plots using daily-averaged observations of the Sun from the TIMED/SEE and the SDO/EVE instruments. To eliminate effects due to the Sun's rotation (which I evaluate in Sect. 2.2.3), I take the mean irradiance in each wavelength bin over three solar rotations worth of observations when determining cross-correlation plots on cycle timescales. Each solar rotation is considered to be 27 days long. Fig. 2.4 ) and for the rise of sample 24 using SDO/EVE (Fig. 2.5) .
The TIMED/SEE observations in Fig. 2 .4 indicate that, on cycle timescales, most of the XUV and FUV wavelengths are well correlated with each other. However certain lines and wavelength regions stand out as being poorly correlated with the rest of the SEE waveband. For example, the tail of the blackbody continuum, at wavelengths above about 170 nm has low correlations (r < 0.4) with the high energy wavelengths below 80 nm, as well as the region surrounding the Lyman α line at 121.6 nm. The Sun's bolometric emissions-which become significant at wavelengths greater than about 170 nm-emanate from the photosphere and so are not as affected by the solar cycle as the emission lines originating in the chromosphere, transition region and corona, which make up the solar XUV spectrum. Additionally, certain emission lines Care must be taken when interpreting the features in the cross-correlation arrays since some are of instrumental origin. For instance, the block of highly correlated wavelength bins at wavelengths below 27 nm in Fig. 2 .4 is due to the use of the CHI-ANTI model by the TIMED/SEE team at these wavelengths. Indeed, the CHIANTI reference spectra are scaled by broadband solar flux measurements, in such a way that the flux in each wavelength bin of the synthetic, high-resolution spectra is dependent on XPS measurements over the entire wavelength range This results in the bins from 0.1 nm to 27 nm-those produced from the CHIANTI model-varying together on cycle timescales. One way to test whether the noted features are instrumental is by using a different instrument, such as SDO/EVE, for which I determine correlations between 2010 and 2014 in Fig. 2 .5. The four years of observations available to date from the SDO spacecraft should be sufficient to capture cycle variability. There are many similarities with the TIMED/SEE correlation plot from Fig. 2 .4. Overall, most of the SDO/EVE wavelength bins correlate well with one another, apart from a striking area of low correlations between the region of wavelengths above about 92 nm and the rest of the EVE waveband. Since this region does not show such low correlations in the TIMED/SEE data, I conclude that it is an instrumental effect. Indeed, on closer inspection, one notices that it is the continuum in this long wavelength region that is not correlated with the other wavelengths; the lines all show high correlation coefficients. This is most likely due to low signal-to-noise at the detector edge. A similar issue occurs, albeit less markedly so, between about 50 and 67 nm, the poor correlations between the continuum at these wavelengths and certain other regions of the spectrum are also due to low S/N.
Another similarity between the cycle timescale cross-correlations from TIMED /SEE (Fig. 2.4 ) and those from SDO/EVE ( Fig. 2 .5) are a few distinct emission lines that do not correlate well with the rest of the spectrum. Higher resolution spectra from the EVE instrument allow more precise determination of the particular lines in question. These are, most notably, O III at 52.6 nm, the O IV doublet around 55.5 nm, He I at 58.4 nm, O III at 59.8 nm, O V at 63.0 nm and O III at 70.4 nm. More of these lines stand out in the EVE dataset than in that from SEE due to the higher resolution of the EVE spectra. Correlation coefficients between these emission lines and each of the other wavelength bins in the EVE spectrum are plotted in Fig. 2 .6. It can be seen that each of these lines only correlates well with the 5 others. This effect does not appear to be instrumental, since certain of these lines are picked up by both the TIMED/SEE and the SDO/EVE instruments. Moreover, the detectors are not saturated in these wavelength bins. One explanation is that all of these lines are emitted from a similar layer of the solar atmosphere: the transition region (TR), a thin layer where the temperature changes rapidly from chromospheric values (∼10 4 K) to coronal values (∼10 6 K)-see Fig. 1 .4. However, other TR emission lines, such as the He II doublet at 30.4 nm, do not exhibit this particularity.
Note that due to long-term degradation of the TIMED/SEE instrument, it can only really be used to determine cycle variability for cycle 23, thus I compare correlations during cycle 23 for the TIMED/SEE observations ( Fig. 2.4 the first half of cycle 24 for the SDO/EVE observations ( Fig. 2.5 ). Therefore, it cannot be said for certain whether the few dissimilarities between these two sets of results are instrumental or due to the fact that two different solar cycles are being compared. In particular, the wavelength bin at 76-77 nm is poorly correlated with the rest of the spectrum in the TIMED/SEE observations, but this is not the case in the SDO/EVE observations. Despite this, overall, wavelengths across the XUV region are well correlated with each other over the course of a solar cycle.
Rotational Variability
It is difficult to provide detailed statements on solar rotational variability, since no two solar rotations are identical. Indeed, a solar rotation-as assessed here-is made up of a superposition of Earth's restricted view of the Sun and the birth, evolution, and death of active regions. However two example cross-correlation plots are shown in Fig. 2 .7 for solar minimum (left) and solar maximum (right). These display some features common to most rotations at each activity level.
Generally at solar maximum, there are good correlations between most wavelength regions, better than 0.8 or 0.9 for most of the SEE spectral range except for wavelengths greater than 170 nm, which display low correlations with wavelengths short of 70 nm (see right panel of Fig. 2.7 ). This makes sense since these emissions are from different parts of the stellar atmosphere: λ > 170 nm are emitted in the upper photosphere, whereas λ < 70 nm are emitted from the upper chromosphere, TR, and corona. At solar minimum, less activity means lower signal-to-noise and so much of the spectrum is uncorrelated with the rest-except some line groupings which correlate with each other, such as the region of H I Lyman continuum between 70 and 90 nm (see left panel of Fig. 2.7 ).
Flares
I focus here upon two X-class solar flares that were observed by the SDO/EVE instrument. An X-class flare is defined as an event during which the peak flux measured at Earth is between 10 −4 and 10 −3 W/m 2 in the 0.1-0.8 nm waveband. The X class is the strongest class of flares; the least powerful are A class, followed by B, C, M and finally X class flares. The flux at Earth of a flare of a given class is 10 times than of the previous class and each class is divided into 9 subcategories, such that an X2 flare has twice the flux at Earth in the 0.1-0.8 nm waveband, compared to an X1 flare, and 10 times the flux of an M2 flare. The events described here are an X5.4-class flare that took place on 7th March 2012 and an X2.2 flare from 15th February 2011. The EUV region is studied over the 6-65 nm range offered by SDO/EVE, revealing a highly complex and dynamic picture. A comparison of spectra taken before and during these two flare events is plotted at the top of Figs. 2.8 and 2.9. In the bottom half of these same figures is presented a time-evolution plot, showing how each line varies over the course of the flare. It can be seen that the main emission enhancements take place in lines below about 15 nm. These lines are subject to a huge increase in emission, in some cases of over an order of magnitude. Of particular note are two other lines that are subject to very large increases in flux appearing at slightly longer wavelengths, at λ = 19.2 nm (Fe XXIV) and λ = 25.5 nm (He II) (see Hudson et al. (2011) for the case of λ = 19.2 nm). Both of these emission lines, as well as many of the lines showing large flux increases at λ 15 nm appear also in the flaring spectrum of the star AU Mic, one of the low-mass stars that I consider in this thesis and for which I have obtained a flaring spectrum (see Sect. 4.3.5) .
Variations in flux over the course of the flares for a few specific lines are plotted in Fig. 2 .10. It can be seen that different lines peak at different times. The flare event can be decomposed into phases, as described by -an impulse phase during which there are significant non-thermal emissions, followed by a gradual phase, characterised by thermal signatures. Emissions from different parts of the spectrum dominate at different phases of the flare, explaining the spread of times at which the different lines plotted in Fig. 2 .10 peak. For example, transition region emissions, like the He II 30.4 nm line peak during the impulse phase, whereas hot coronal lines, such as Fe XX / Fe XXIII 13.3 nm line peak during the gradual phase. Many of the other EUV emissions peak a few minutes after this as post-flare loops reconnect and cool . The cross-correlation plots (Figs. 2.11 and 2.12) for these two flares also display many of the same features. The coronal lines at λ 15 nm vary in unison, as does the He I continuum (the recombination edge of which is at λ = 50.4 nm Milligan et al. 2012) . The spectral region between 30 and 40 nm, which does not vary much over the course of the flare is (in the exception of a few particular lines that are subject to an increase in flux) uncorrelated with the rest of the EUV spectrum. It can also be noted that there is a region of anti-correlation around λ = 17 nm. This corresponds Fig. 2 .11 X-2.2 flare on day 2011/046. Top SDO/EVE spectra taken a few minutes before the flare (in black) and at the peak intensity of the He II line (in red). Bottom cross-correlation array constructed using observations from SDO/EVE over the course of the flare Fig. 2 .12 X-5.4 flare on day 2012/067. Top SDO/EVE spectra taken a few minutes before the flare (in black) and at the peak intensity of the He II line (in red). Bottom cross-correlation array constructed using observations from SDO/EVE over the course of the flare to lines emitted in the cool corona, which in some flares is subject to dimming .
XUV Flux Bands
Even though solar emissions over the entire XUV range are well correlated with each other over a solar cycle, this does not mean that different wavebands evolve in the same manner. Indeed, harder emissions generally increase at a faster rate between solar minimum and maximum. This can be seen in Fig. 2.13 , which compares the evolution of the ratio of EUV-to-X-ray emissions over a solar cycle using daily measurements from the TIMED/SEE spacecraft. Each grey point represents a daily observation during the declining phase of cycle 23 and the rise of cycle 24. The X-ray flux, plotted on the x-axis, is used as a proxy for the Sun's activity level. Thus, the points on the right of the graph, with higher values of F X are observations at solar maximum, and those at lower values of F X represent the solar minimum state. Higher variability means that there is a greater spread of flux values at solar maximum than at minimum.
I use all of these daily measurements to fit a power law to the variation of solar EUV flux as a function of X-ray flux in the ROSAT band (0.5-12.4 nm). Thus, I obtain the following relation, as shown in a thick black line in Fig. 2 .13:
−0.416 ± 0.001 (2.6a) or, rearranging:
where F is the solar surface flux in mW/m 2 , and the uncertainties given are one standard deviation. I choose to use fluxes at the solar surface so as to facilitate comparisons with X-ray and EUV fluxes of other stars (see Sect. 2.3.4). Indeed, using surface fluxes, rather than e.g., luminosities, removes the effect of different star sizes. Note that the data has a slight 'banana'-shape. The values of F EUV /F X are higher than than those predicted by Eq. 2.6 around solar minimum.
I now turn from the solar case to other stars. This is rendered difficult by vastly less data available compared to the Sun and also due to observational difficulties relating to the absorption of starlight by the inter-stellar medium (see Sect. 2.3.1). Hence I use a coronal model (see Sect. 2.3.2) to obtain stellar XUV spectra. 
Stellar XUV Irradiance

Absorption in the Inter-stellar Medium (ISM)
For any star but our own, observing emissions in the EUV is either difficult or impossible. This is due to absorption by the ISM at wavelengths greater than about 40 nm. Figure 2 .14 presents the optical depth of the ISM as a function of wavelength for three close, bright stars: ε Eridani, AD Leonis and AU Microscopii (for some properties of these stars, see Table 2 .3). The ISM optical depth is determined using the IDL routine ismtau.pro from the Package for Interactive Analysis of Line Emission (PINTofALE) (Kashyap and Drake 2000) . The ISM is assumed to contain column densities of H obtained from Redfield and Linsky (2008) , and column densities of He and He + as follows: n(He) = 0.1n(H) and n(He + ) = 0.01n(H). For λ < 91.2 nm, extinction is caused by photo-ionisation; absorption edges at the ionisation energy thresholds for H, He and He + are located respectively at 91.2 nm, 50.4 nm and 22.8 nm. At these wavelengths (λ < 91.2 nm), the optical depth τ is expressed as follows: 
where σ abs i is the photo-absorption cross-section of species i and N i is the column density of species i in the ISM, as seen from Earth.
At longer wavelengths (λ > 91.2 nm), the Fitzpatrick (1999) parametrisation is used, which is based on the extinction values E(B-V) for each star. E(B-V) is determined from Silva and Cornell (1992) (for AD Leo) and Bianchi et al. (2011) (for ε Eri and AU Mic). The Fitzpatrick (1999) curves are produced from an empirical parametrisation of the continuous component of absorption and scattering by dust particles in the ISM. Line absorption and emission, which are omitted by the ismtau.pro routine (Kashyap and Drake 2000) , are important in the H and He lines-most notably in Lyman α and the He II 30.4 nm emission lines. The curves from Fig. 2 .14 can be used to correct for ISM absorption in stellar observations. This is done by applying a factor of exp(τ ) to the stellar spectral irradiance, with τ being the optical depth of the column of ISM between the star and the observatory.
As Fig. 2 .14 shows, even for the bright, relatively close stars we are studying, the reduction in stellar flux observed at Earth increases from about e τ ≈ e 1 ≈ 2.7 near λ = 40 nm, to a factor of e τ ≈ e 5 ≈ 1.5 × 10 2 for ε Eri and e τ ≈ e 13 ≈ 4.4 × 10 5 for AD Leo near 91.2 nm. Thus, for all intents and purposes, the spectral region from ∼40 nm to 90 nm is not observable for these stars. Indeed, observations by the Extreme Ultraviolet Explorer (EUVE) taken between 7 and 76 nm detect mainly noise at wavelengths longer than about 40 nm. In practice, I only use EUVE observations between 10 and 37 nm (also discarding the noisy detector edge). Photons in this 
Coronal Model
To obtain accurate XUV spectra of a certain number of low-mass stars other than the Sun, I have collaborated with Jorge Sanz-Foracada (Centro de Astrobiologia CSIC-INTA, Madrid, Spain). He has provided me with synthetic spectra for the K star ε Eridani, and the M stars, AD Leonis and AU Microscopii. In this section, I describe the methods he used to calculate these stellar spectra. See Sanz-Forcada and Micela (2002); Sanz-Forcada et al. (2003b for more details. The thermal structure of each star's corona and transition region is constructed using an Emission Measure Distribution (EMD), which represents the quantity of emitting material at a given temperature in the stellar atmosphere (e.g., Dupree et al. 1993; Brickhouse and Dupree 1998) . The EMD for the star AD Leo is depicted in Fig. 2.15 . A line-based method is employed in determining the EMD, whereby individual emission line fluxes are measured in X-ray, EUV and FUV observations (the distribution in Fig. 2 .15 uses Chandra, EUVE and IUE observations) . A limited number of well-characterised lines are used to infer the EMD, which is constructed in such a way as to minimise the difference between the synthetic and observed line (Sanz-Forcada, pers. comm. March 2013) fluxes; this process is detailed further in Sanz-Forcada et al. (2003b) . By combining the knowledge of this EMD with the abundances of each element and the APED (Astrophysical Plasma Emission Database) atomic model (Smith et al. 2001) , the spectral energy distribution of stellar emissions in the XUV can be determined.
In order to determine the EMD, the abundance of each element in the stellar corona must be known. To limit the effect of uncertainties in the abundances, the first calculation of the structure of the EMD is carried out using only Fe emission lines, with Fe abundance taken from e.g., Anders and Grevesse (1989) . Indeed numerous highly ionised Fe emission lines are present in EUVE spectra. These lines, formed at high temperatures in the stellar corona, allow continuous coverage of the temperature range between log 10 T = 5.8 − 7.4. Fe lines are represented in red in Fig. 2.15 . This allows the determination of the EMD shape at coronal temperatures (right half of the plot, log 10 T > 5.8). Subsequently, emission lines from other elements are added, enabling their abundance relative to Fe to be calculated. For example, in cases such as C (yellow lines in Fig. 2.15) or O (blue lines), emission lines are present at coronal temperatures, allowing [C/Fe] and [O/Fe] to be calculated. However, since the likes of C II, C IV and O VI are formed in the transition region, at log 10 T < 5.8 (to the left of Fig. 2.15) , the EMD can be extended towards lower temperatures. It is important to properly characterise the transition region, as well as the corona, since some of the most important lines in the XUV range are produced in the transition region, such as the He II 30.4 nm line, well known in ionospheric studies (e.g., Galand et al. 2006; Cui et al. 2011; .
Since the coronal model is calibrated using observed XUV emission line intensities, this method can only be applied to close, bright stars, with good signal-to-noise observations from Chandra, XMM-Newton, ROSAT, EUVE and FUSE. Hence the choice of the the K-dwarf ε Eridani and the M-dwarfs AD Leonis and AU Microscopii, some of the properties of which are provided in Table 2 .3. In the context of exoplanteology, ε Eridani has commonly been used as an analogue of the Hot Jupiter host star HD189733, the two stars being of similar type, metallicity and age (e.g., Moses et al. 2011; Venot et al. 2012) . AD Leonis has been used in previous studies of habitable planets (e.g., Tarter et al. 2007 ).
For ε Eri, the EMD used in this thesis is a combination of that presented in Sanz-Forcada et al. (2003a) , which is constructed using EUV coronal lines (from EUVE observations) and FUV transition region lines (from IUE observations), with that from Sanz-Forcada et al. (2004) , which uses X-ray coronal lines obtained from Chandra. In the case of AD Leo, Sanz-Forcada and Micela (2002) constructed an EMD using EUV coronal lines. For the present work, the EMD for AD Leo has been updated to also include lower temperature FUV transition region lines as well as higher temperature X-ray coronal lines: emission line temperatures now span log 10 (T e ) = 4.5 − 7.5. The EMD for the final star that I consider in this thesis, AU Mic, is constructed following the same procedure as for ε Eri and AD Leo, and is based upon emission line measurements in the X-ray, EUV and FUV. However, since good quality observations exist in the X-ray and EUV of flares on AU Mic, it has been possible to derive both a quiescent and a flaring spectrum for this star (see Sect. 4.3.5).
Testing the Synthetic Spectra
Where observationally possible (for X-ray wavelengths and EUV shortward of 35 nm), I have compared the synthetic spectra for ε Eri, AD Leo and AU Mic that were obtained from the coronal model to measurements from ROSAT and EUVE. Table 2 .4 provides the luminosity values in the X-ray and EUV wavebands for all three stars, comparing observations with results from the coronal model. Fig. 2.16 ): for ε Eri: 22 Oct. 1993 , 31 Aug. 1995 , 5 Sept. 1995 for AD Leo: 5 Apr. 1999 , 9 Apr. 1999 , 17 Apr. 1999 , 25 Apr. 1999 , 6 May 1999 Comparisons of the observed and modelled spectra are plotted in Fig. 2 .16. The observational X-ray flux and luminosity limits provided correspond to the range of values found in the literature for ROSAT observations-the variation in X-ray emission between different observations being indicative of stellar activity. For each star, observations from the EUVE observatory have been co-added and weighted according to exposure time. ISM absorption is corrected for by applying a factor of exp(τ ), according to the procedure outlined in Sect. 2.3.1. Hydrogen column densities are from Redfield and Linsky (2008) and are given in Table 2 .3. X-ray fluxes derived from the synthetic spectra over the ROSAT band (0.1-2.4 keV) fall within the range of values found in the literature for all three stars (see Fig. 2 .16 and Table 2 .4). Note that the synthetic spectrum computed for AU Mic in Fig. 2.16c is that of the star in a quiescent state-i.e., flare events have been removed from the observations used in the construction of the EMD. Hence the integrated X-ray flux from this synthetic spectrum matches the lower boundary of X-ray observations.
In terms of integrated flux between 8 and 35 nm, the relative difference between all co-added EUVE observations for each star and the synthetic spectra is 25% for ε Eri, 5.9% for AD Leo and 17% for quiescent AU Mic. These discrepancies can be explained by errors in the EUVE observations or could occur due to stellar variability. Linsky et al. (2014) estimate that these two uncertainties are of order 10% to 20%. Stellar X-ray flux can vary by even larger amounts-at least a factor of 2-over the course of an activity cycle (Ribas et al. 2005 ). The differences between the synthetic spectra and EUVE observations are therefore consistent with observational uncertainties and stellar variability.
As can be seen in Fig. 2 .16, the best match in terms of spectral energy distribution between the synthetic spectra and EUVE observations is ε Eri. The discrepancies between 17 and 21 nm are caused by a problem in the AtomDB atomic database at these wavelengths. Linsky et al. (2014) compare flux levels in different wavebands between their own model, based upon Lyman α intensities, the Sanz-Forcada et al. (2011) coronal model and EUVE and FUSE observations, for the case of ε Eri. There is good agreement between both models and the observations in all the wavebands that Linsky et al. (2014) consider, i.e., from 10 nm to 117 nm. Note that the Linsky et al. (2014) article contains an erroneous listing in Table 6 All in all, I consider that the synthetic spectra are the best guess of the stellar spectra over the entire XUV range at this time. ε Fig. 2.16 Comparison of synthetic spectra to X-ray and EUV observations. The light blue histograms show the synthetic spectra. The black histograms are observations from the EUVE instrument; these are co-added spectra, weighted by exposure time, for the same observations as listed in Table 2 .4. The red points show the range of X-ray observations in the ROSAT band from Wright et al. (2011); Schmitt and Liefke (2004); López-Santiago et al. (2009) . To compare these ROSATband X-ray observations (in red) to the synthetic spectra (in light blue), the flux from each synthetic spectrum has been integrated over the same wavelength band (λ ∈ [0.517; 12.4] nm) as the X-ray observations; these are plotted in dark blue. Extracted from Chadney et al. (2015) 
Scaling of the Solar Spectrum
Due to the difficulties in measuring EUV fluxes for any stars other than the Sun, most studies of energy deposition in exoplanetary thermospheres use solar spectra uniformly enhanced in the XUV, in place of stellar spectra. The entire XUV band is usually scaled according to the ratio of stellar to solar X-ray luminosity, L * X /L X (e.g., Penz et al. 2008; Tian 2009 ). However, it is generally not valid to scale the EUV part of the solar spectrum using the same factor as for the X-ray band, at least for stars of different age and spectral type to the Sun. In the context of the 'Sun in Time program ', Ribas et al. (2005) used solar proxies of different ages, and found that power laws can be derived for the evolution of solar flux with time in different wavelength bands of the XUV (see Sect. 1.2). Indeed, as stars age, they lose angular momentum through frozen-in magnetic fields in the stellar wind and so progressively spin-down. Since coronal emissions are linked to the star's magnetic activity, these emissions diminish as the stellar dynamo declines. Ribas et al. (2005) showed that Xray emissions in Sun-like stars decay faster than EUV emissions and, more generally, that higher energy solar emissions decay faster than lower energy emissions. It is likely that in other low-mass stars a similar process occurs. Indeed, Sanz-Forcada et al. (2011) determined the decay with time of the EUV and X-ray emissions for a selection of dwarf stars of various spectral types and confirmed different decay rates for X-ray and EUV emission.
In Sect. 2.2.5, I derived a relation to describe the solar-cycle evolution of the EUV portion of the solar spectrum as a function of the solar X-ray flux (Eq. 2.6). The power law is plotted in Fig. 2 .17, along with flux ratios from other stars. The X-ray fluxes of these stars are taken from observations (Schmitt and Liefke 2004; López-Santiago et al. 2009; Wright et al. 2011) , whereas the EUV fluxes are determined using the coronal model described in Sect. 2.3.2. Thus, I have only chosen stars for which there are well constrained EMDs: in addition to ε Eri, AD Leo, and AU Mic, I have added α Cen B and AB Dor. I use stellar fluxes measured at the stellar surface so as to eliminate the effect due to the size of each particular star. This adds an additional uncertainty on the stellar radii (see Table 2 .3) which is accounted for in the error bars displayed in Fig. 2 .17. Previous studies have determined similar power laws to match the evolution of high-energy stellar emissions, but using luminosities rather than surface fluxes (e.g., Ribas et al. 2005; Sanz-Forcada et al. 2011 ), rendering comparisons difficult with the relation determined here. However I find that using surface fluxes allows a better fit to the power law determined using solar activity cycle, as provided in Eq. 2.6.
The flux ratios of the five low-mass stars with well-constrained EMDs are in good agreement with the solar behaviour and more active-and hence youngerstars, have a lower F EUV /F X ratio, which is consistent with the findings of Ribas et al. (2005) and (Sanz-Forcada et al., 2011) . Note, however, that the EUV and X-ray fluxes, for all stars but the Sun, were not measured contemporaneously and might thus represent different activity levels. To illustrate the effect of stellar variability, I have indicated the range of values one can obtain when comparing non-contemporaneous for the Sun over the course of a solar cycle (grey points) and for the stars α Cen B (light blue), ε Eri (dark blue), AD Leo (green), AU Mic (quiescent synthetic case in cyan; flaring synthetic case in red and observations in purple) and AB Dor (orange). Square markers correspond to points determined from the synthetic spectra. Open circles represent points calculated using observations for F X and synthetic spectra for F EUV . The ranges indicated by horizontal/vertical bars include both variability in the X-ray observations due to stellar activity and uncertainties in the stellar radii (as given in Table 2 Chadney et al. (2015) solar measurements. This possible range of values is delimited by the grey dashed parallelogram in Fig. 2 .17, constructed using the most extreme flux cases: solar minimum X-ray with solar maximum EUV fluxes and vice versa. The extent of this area represents the largest possible uncertainty due to non-contemporaneous X-ray and EUV measurements for a star with an activity cycle of similar amplitude to that of the Sun. As such, it is most likely to be an overestimation of this effect for the other stars represented in Fig. 2.17 .
To determine the response of a gas-giant thermosphere to irradiation by a scaled solar spectrum versus the 'true' stellar spectrum (represented in this study by the synthetic spectrum from the coronal model), I determine scaling factors to apply to the solar spectrum to match emissions from each of the three stars of interest-ε Eri, AD Leo and AU Mic -based on both the X-ray and EUV wavebands. I define f * X and f * EUV , the ratio of stellar-to-solar surface fluxes, for the X-ray and EUV range (respectively): 2.9) and α the ratio of a given star's EUV to X-ray flux, is given by
where F is the flux at the surface of the star (*) or the Sun ( ). f * X is determined using the X-ray luminosities given in Table 2 .4 and the radius measurements from Table 2 .3. α * can be obtained either from using a stellar coronal model (such as that described in Sect. 2.3.2) or by inserting the measured X-ray flux into Eq. 2.6. Once f * X and α * are known, f * EUV can be calculated as follows:
In this work, α is derived using TIMED/SEE observations on 14 January 2013; I take α = 6.13. On this day, the solar 10.7 cm flux was 154 s.f.u. (solar flux units, 1 s.f.u = 10 −22 Wm −2 Hz −1 ), so the Sun was in an active state-close to the maximum of cycle 24. Since the aim is to replicate the spectra of stars that are more active than the Sun, I chose to use the solar spectrum on a day upon which the Sun was towards the peak of its activity.
The ratio of stellar-to-solar luminosity can be obtained by multiplying f * by
is the factor by which to scale the solar luminosity to match a given star's X-ray luminosity and L * EUV /L EUV = f * EUV R * /R 2 , to match the star's integrated EUV luminosity. The values of these ratios and scaling factors can be found in Table 2 .5 for the three stars of interest. Figure 2 .18 compares synthetic spectra for ε Eri, AD Leo and AU Mic (in blue) to scaled solar spectra using the scaling factors from Table 2 .5. The non-scaled solar spectrum is shown, for comparison, as a solid black line. Two scaled solar spectra are constructed for each star. The first (dashed, black line) is based on just one scaling factor: the entire XUV region is scaled using the star's X-ray luminosity alone (scaling factor of f * X R * /R 2 for wavelengths between 0.1 and 92 nm). For the second (in red), separate scaling factors, as obtained from the coronal models, for the X-ray ( f * X R * /R 2 for wavelengths between 0.1 and 12 nm) and EUV ( f * EUV R * /R 2 for wavelengths between 12 and 92 nm) regions are used. Constructing the scaled spectra using values of F * X and F * EUV from the coronal model (rather than using Eq. 2.6), allows one to assess solely the effects of different spectral energy distributions (SEDs) on the deposition of stellar radiation in upper plane- Table 2 .5 Surface flux and luminosity ratios for the different stars. The solar fluxes are obtained from the TIMED/SEE daily average observation on 14 January 2013. X-ray fluxes for the other stars (ε Eri, AD Leo and AU Mic) are those used in the coronal model and the EUV fluxes are obtained from the resulting synthetic spectra. Only the quiescent case for AU Mic is listed. The parameters given are: Sect. 2.3.4 , for more details) tary atmospheres-the integrated flux in the XUV being conserved, by construction, between the synthetic and the scaled solar spectra (using two scaling factors). Scaling the entire XUV region based on f * X -as has been done in previous upper planetary atmosphere studies-gives a large overestimate of the stellar energy output in the EUV wavelength band for active stars (see black, dashed line in Fig. 2.18 ). Fluxes at 1 AU in the X-ray, EUV and XUV bands, determined using the different methods discussed here are provided in Table 2 .6. For the case of ε Eri, the solar spectrum scaled using just an X-ray scaling factor gives a flux at 1 AU of 57 mW/m 2 integrated over 0.1-92 nm, compared to 18 mW/m 2 predicted by the coronal model. The difference is even larger for the two other, more active stars. The X-ray scaling method gives 155 and 642 mW/m 2 at 1 AU, compared to 30 and 119 mW/m 2 predicted by the coronal model, for AD Leo and AU Mic (quiescent), respectively (see Table 2 .6). On the other hand, using the power law from Eq. 2.6 to estimate EUV fluxes based upon measured X-ray fluxes gives values far closer to those predicted by using the coronal model. Quite significant differences are present between the spectral shapes of the Sun and the other stars. Most noticeably, there is a large energy excess in the scaled solar spectra between 5 and 12 nm and a deficit between 12 and 16 nm. Many of these differences can be explained by the higher activity levels of AU Mic, AD Leo and ε Eri which are all younger than the Sun (see Table 2 .3). This can be seen in Fig. 2.19 , which compares the synthetic spectra for these stars with observations of solar analogues of various ages, observed during the 'Sun in Time' program (Ribas et al. 2005) . The solar X-ray spectrum is shown in blue at solar maximum (solid line) and solar minimum (dotted line). It is taken from the XPS instrument on TIMED/SEE and so is based upon the CHIANTI model driven by broadband observations (see Sect. 2.1.1). The more active stars have overall higher fluxes than the 'quiet' Sun, but as can also been seen in Fig. 2 .18, the spectral shapes are also different. The spectra Fig. 2.18 Comparison of synthetic spectra to scaled solar spectra. The solar spectrum used (plotted in a solid, black line) is the daily averaged observation from TIMED/SEE on 14 January 2013. This solar spectrum is scaled in two different ways. Firstly, shown in dashed black lines, the solar spectrum is scaled according to a single scaling factor applied to the entire represented wavelength range and derived in such a way that the scaled solar flux in the X-ray band matches that of the synthetic spectrum. Secondly, represented in red, the solar spectrum is scaled using one scaling factor for the X-ray band and another for the EUV such that the integrated flux of the scaled spectrum matches that of the synthetic spectrum over the entire represented wavelength range (XUV). These scaled spectra, derived for each star, are to be compared to the synthetic spectra, plotted in blue. Extracted from Chadney et al. (2015) Values are given for observations in the X-ray band, the synthetic spectra from the coronal model, EUV flux estimations using the power law (Eq. 2.6), and estimations using the X-ray scaling method. Observational X-ray fluxes for ε Eri and AD Leo are the mean values from the observations listed in Table 2 .4. For AU Mic in the quiescent state, the lowest flux measurement is used. The power law is used to determine EUV fluxes based upon observed X-ray fluxes of ε Eri, AD Leo and AU Mic all have a similar shape to that of the young solar analogue EK DraStars!EK Draconis -this is especially noticeable for the case of AU Mic, where, in addition, the absolute flux levels are very close. The spectral shape of the solar spectrum resembles much more closely the spectrum of 1.6 Gyr-old β Com. I am therefore confident that these differences in spectral shape are mainly due to the stellar age and not an effect of the coronal model itself. I have obtained XUV spectra for three low-mass stars in this chapter, using a coronal model as well as different scalings of the solar spectrum to attempt to match the stellar spectrum where it is not observable. In the following chapters, I shall test the effects of all of these various methods to obtain stellar spectra when such stars irradiate a gas-giant atmosphere. The effect on the thermosphere shall be studied in Chap. 3 and the effect on the ionosphere in Chap. 4. A brief study on the response of extrasolar gas-giant atmospheres to flaring shall be discussed in Sect. 4.3.5, where I focus in particular on planets irradiated by a star such as AU Mic. Indeed, J. SanzForcada has been able to provide me with a flaring synthetic XUV spectrum for this star.
